(Received for publication, September 3, 1938) The investigations of Eriksson-Quensel and Svedberg (1) have accurately defined the molecular weights and pH stability regions of the hemocyanins. They have shown that the hemocyanins from a large number of different species are dissociated into smaller molecules when the pH of the solution exceeds the critical limit on either side of the stability region. In all species studied it was found that the dissociated molecules had weights which were simple fractions of the molecular weights of the native hemocyanins, e.g. 1/2, 1/4, 1/8, 1/16, etc. They have also demonstrated that the dissociation of hemocyanins is in almost every instance largely a reversible phenomenon and that upon returning the solution to a pH within the stability region molecules of the original weight are reformed.
From a consideration of these facts it seemed reasonable to speculate as to what would occur if the hemocyanins from two different species were mixed; dissociated into fractions and subsequently reassociated so that molecules of the original size were reformed. Two possibilities were quite evident: (a) the fractions of the hemocyanin molecules of each of the two species could only reunite with their own kind and would therefore reform the two original components, (b) the two different fractions could unite with each other as well as with their own kind and would therefore form an uncertain amount of a mixed hemocyanin besides the two original components. If the attractive forces which act between the dissociated fractions of the hemocyanin of a single species were considerably greater than those which act between the dissociated fractions of the hemocyanins of different species, it was to be assumed that only the original components would be formed. On the other hand, if the forces which act upon the various fractions were independent of the species derivation of these fractions, a mixed hemocyanin could also be formed.
This problem is of considerable general importance since it is known that there is a very marked specificity in certain reactions between proteins, for example immunological and enzymatic reactions.
It has recently been demonstrated that chemically dissimilar substances even though they may possess similar molecular weights can readily be separated and identified by means of the electrophoretic technique (2) . 1 The method has been found to be particularly useful in the isolation and identification of single molecular species in mixtures and has been successfully used with such complicated mixtures as, for example, mammalian sera. Although the molecular weights of the hemocyanins of certain species, e.g. Helix pomatia, Helix nemoralis, Littorina littorea, etc., are of the same order of magnitude, about 6,680,000 (1), the electrophoretic mobilities of these proteins are quite different (3) . This difference in mobility under the influence of an electrical field is a property by means of which various hemocyanins of identical molecular weight can be identified in a solution containing those from two or more species.
It was thought to be probable that in the case that mixed hemocyanin molecules were formed upon the reassociation of mixed and dissociated fractions of hemocyanins from two species, these substances would possess sufficiently different electrochemical properties as compared with those of the native single hemocyanins to permit of their recognition electrophoretically. A quantitative study of certain characteristics of the electrophoretic technique with various hemocyanins as test objects has been carried out recently in this laboratory (4). The improved electrophoresis apparatus described by Tiselius (5, 6) has been used throughout these investigations. With the aid of the information which has been acquired in this more general study it was considered possible to approach the problem presented 1Landsteiner, Longsworth, and van der Scheer (Science, 1938, 88, 83) have recently reported differences in the electrophoretic mobilities of both egg albumins and hemoglobins from different species.
by the dissociation and reassociation of mixed hemocyanins from different species.
Because of the close biological relationship between Helix pomatia and Helix nemoralis the initial experiments were made with the mixed hemocyanins from these two species. Both hemocyanins have molecular weights of about 6,680,000 and both are completely dissociated into fractions of 1/8th the initial weight, about 810,000 at pH 8.5 (1). At pH 3.8 both these hemocyanins are approximately 40 per cent (7) dissociated into fractions of 1/2 the original weight, about 3,300,000 (1) . Additional experiments were also carried out with the mixed hemocyanins from Helix pomatia and Littorina littorea which are much more distantly related biologically. At pH 8.5 the latter is partially dissociated into fractions of 1/2 and 1/8 the weight of the original molecules.
It is the purpose of this paper to report the production of a number of mixed hemocyanins each of which contains fractions of dissociated hemocyanins from two different species.
EXPERIMENTAL
Hemocyanins.--Whole blood was withdrawn from Helix pomatia, Helix nemoralis and Littorina littorea. 2 The blood was filtered through paper and dialyzed through cellophane against phosphate buffer (which contained 0.025 ~ Na2HPO4 and 0.025 ~ NaH:PO4) at pH 6.85 and ionic strength, #, = 0.1 at + 4°C. Dialysis was continued for a period sufficiently long to achieve constant electrophoretic mobility of the hemocyanins (4) . Between experiments the hemocyanin solutions were frozen and stored at -10°C. ' When it was desired to dissociate the hemocyanins they were dialyzed against 0.05 ~ NaCI for 18 hours at + 4°C. in order to free them of buffer. The desired buffer was then added directly to the hemocyanin solution. When dissociation was desired the following buffers were added to the freshly dialyzed solutions; for dissociation at pH 8.5, 18.0 cc. of 0.2 ~ KH2PO4 and 32.0 cc. of 0.1 ~t NaB4OT, for dissociation at pH 3.8, 20.8 cc. of 0.1 N HC1 and 19.2 cc. of 0.1 ~r Na citrate. Mter standing for 1 hour at 20°C. the solution was then redialyzed against repeated changes of the phosphate buffer described above.
Electrophoresis.--The improved electrophoresis apparatus described by Tiselius (5, 6) has been used. In most instances the small apparatus with a sample capacity of 2 cc. has been used, while in certain experiments the larger apparatus : We are indebted to Dr. G. Gustafson of the Kristineberg Zoological Station for a supply of Littorina littorea.
with a U tube capacity of 11 cc. has been utilized. The entire electrophoretic technique has been kept as constant as possible from one experiment to another. In every instance the hemocyanin solution has been dialyzed against the same phosphate buffer, described above, and as routine this has been used as the supernatant solution over the hemocyanin in the U tube of the electrophoresis apparatus. The pH of the buffer has been determined by means of the hydrogen electrode and has varied only between 6.84 and 6.86. Conductivity of the buffer has varied only between 2.77 and 2.82 X 10 -3 mho. The potential gradient, F, has been kept between 8.58 and 8.74 V/cm. in the smaller apparatus and between 9.04 and 9.22 V/cm. in the larger apparatus. All experiments have been carried out with the apparatus in the thermostat at between 0.3 and 0.7°C. In all experiments the scale method of Lamm (8) 
Single Native Hemocyanins
Solutions of native hemocyanins from Helix pomatia, Helix nemoralis, and Littorina littorea, which had been dialyzed against the phosphate buffer described above, were studied in the electrophoresis apparatus. In the case of Helix pomatia and Helix nemoralis it was found that if adequate precautions were taken in the initial withdrawal of the blood and if the dialyzed solutions of the hemocyanins were stored frozen at -10°C. between experiments, these two hemo- Additional scale photographs in these and in numerous other experiments failed to show any evidence of any components other than those illustrated for these native hemocyanins in Figs. 1 to 3. In certain experiments these three native hemocyanins were run for a period sufficiently long to permit of maximum migration in the electrophoretic apparatus. MIXED 
MOLECULES OF HEMOCYANINS

Single Dissociated and Reassociated Hemocyanins
The solutions of native hemocyanins from Helix pomatia and Helix nemoralis were treated in the manner described above and were brought to pH 8.5 by the addition to them of borate buffer. At this pH both of these hemocyanins dissociate into fractions 1/8 the weight of the native molecules (1). The solutions were then dialyzed against repeated changes of phosphate buffer at pH 6.85 in order to cause reassociation and the reformation of molecules of the original size. This has amounted to a 12 per cent reduction in the mobility under the stated experimental conditions. Although a large number of electrophoretic ,diagrams have been made with the solutions described above, in no case have additional components been observed after the dissociation and reassociation of these hemocyanins.
Because of the very small size of Littorina littorea it is very difficult to collect more than a small quantity of blood. In order to carry out all the other necessary experiments it was essential to conserve the small supply of this hemocyanin which was at hand. It was therefore not possible to determine its electrophoretic mobility after dissociation at pH 8.5 and reassociation at pH 6.8.
It will be observed that the boundaries in Figs. 4 and 5 appear somewhat wider at their bases than was the case with the boundaries of the same two native hemocyanins shown in Figs. 1 and 2. It will be recalled, however, that the photographs for Figs. 1 and 2 were taken at 50 minutes whereas those for Figs. 4 and 5 were taken at 150 minutes. Similar boundary spreading with increasing time occurs in the case of the native hemocyanins, as is well shown in Fig. 6 , a photograph of native hemocyanin boundaries taken 125 minutes after closing the electrical circuit. The boundary-spreading phenomenon in electrophoresis and its significance have been discussed in another paper (4) . It will suffice to state here that this phenomenon in no way interferes with the interpretation of the present experiments.
Mixed Native Hemocyanins
Solutions of native hemocyanins from Helix pomatla and Helix nemoralis were mixed so that the electrophoretic diagrams of the two single components could be studied simultaneously in the same solution. Solutions of native hemocyanins from Helix pomatia and Littorina littorea were similarly mixed for the same reason.
On the basis of the known differences between the electrophoretic mobilities of these three hemocyanins it was anticipated that in these solutions of mixed native hemocyanins it would be possible readily to separate and identify the individual components. This expectation was borne out by the experiments.
Examples of scale method electrophoretic diagrams from typical experiments with mixed native hemocyanins are shown in Figs. 6 and 9. In both instances the individual components are sharply defined and well separated from each other. Helix pomaaa and 44 per cent was from Littorina littor~. The electrophoretic mobility of the Helix pomatia hemocyanin, H.P., is -3.37 and those of the major and minor components of Littorina littorea hemocyanin, L.L., are -7.90 and -7.29 × 10 -5 cm3, volt -t, sec. -t respectively. In none of the experiments with these solutions of mixed native hemocyanins were any additional components observed. It wiU be noted that the mobilities found for the individual components in the mixed hemocyanin solutions correspond closely to those found for the single native hemocyanins.
Mixed Hemocyanins, Dissociated and Reassociated
The previous experiments reported in this paper had as their partial object the adequate control of the following experiments with mixed hemocyanins which were dissociated and subsequently reassociated.
Solutions of mixed native hemocyanins from Helix pomatia and Helix nemoralis were treated as described above and were brought to pH 8.5 by the addition of borate buffer. At this pH both hemocyanins are completely dissociated into fractions of 1/8 the weight of the native molecules (1). The mixed hemocyanins were then reassociated at pH 6.85.
An example of the scale method electrophoretic diagrams obtained with these solutions is shown in Fig. 7 . For comparison with the diagram obtained with the same mixed native hemocyanins it will be well to refer to Fig. 6 . Both experiments were carried out under identical conditions and both photographs were taken 125 minutes after closing the electrical circuit. Fig. 7 shows the scale line displacement, Z in/~, produced by the moving boundary of the hemocyanins which result from the dissociation at pH 8.5 and the subsequent reassociation at pH 6.85 of mixed hemocyanins from Helix pomatia and Helix nemoralis. The solution contained a total of 0.98 per cent hemocyanin of which 55 per cent was from Helix pomatia and 45 per cent was from Helix nemoralis. The potential gradient, F, was 8.74 V/cm. The electrophoretic mobility of the maximum peak of this curve is -3.97, whereas the mobilities of the fastest and slowest moving portions of the same curve are -5.25 and -2.50 X 10 -5 era3, volt -1, sec.-1 respectively.
A total of ten scale method electrophoretic diagrams were made at various boundary migration distances with this solution and in every instance only a single but a very rapidly spreading curve resulted. In none of the diagrams was there any separate component which had a mobility corresponding to that of the dissociated and reassociated hemocyanins of either Helix pomatia or Helix nemoralis.
Another solution of mixed native hemocyanins from Helix pomatia and Helix nemoralis after having been treated in the manner previously described was brought to pH 3.8 by the addition of HC1-Na citrate buffer. At this pH both hemocyanins partially dissociate into fractions of 1/2 the weight of the native molecules (1). The hemocyanins were then reassociated at pH 6.86.
An example of the scale method electrophoretic diagrams obtained with this solution is shown in Fig. 8 . For comparison with the same native hemocyanins under similar experimental conditions refer to A total of four separate scale method electrophoretic diagrams were made with this solution at various boundary migration distances and in each of the four diagrams the very small quantity of X component was present.
Solutions of mixed native hemocyanins from Helix pomatia and Littorina littorea were treated as described above and were then brought to pH 8.5 by the addition of borate buffer. At this pH Hdix pomatia hemocyanin is completely dissociated into fractions 1/8 the weight of the native molecules and Littorina littorea hemocyanin is partially dissociated into two fractions of 1/2 and 1/8 the weight respectively of the native molecules (1). The hemocyanins were reasociated at pH 6.86.
An example of the scale method electrophoretic diagrams obtained with solutions of this character is shown in Fig. 10 Four components are present in the diagram. These have been designated, in the order of increasing electrophoretic mobility as, H.P., X1, X2, Xa. These components had mobilities of -2.93, -3.57, -4.90, and -5.89 × 10 -5 cm. ~, volt -l, sec. -I respectively.
Nineteen separate scale method electrophoretic diagrams have been made at varying migration distances with solutions of mixed hemocyanins from Helix pomatia and Littorina littorea, in which the hemocyanins had been dissociated at pH 8.5 and reassociated at pH 6.8. In all of these diagrams there was evidence of the same four components, the electrophoretic mobilities of which remained practically constant in each diagram.
DISCUSSION
The dissociation at pH 8.5 and the subsequent reassociation at pH 6.8 of a mixture of hemocyanins from Helix #omatia and Helix nemoralis is followed by the reformation of molecules of the original size, just as is the case when either of these hemocyanins alone is similarly treated. The ultracentrifugal diagrams obtained with the mixture of hemocyanins which had been dissociated and reassociated showed the presence of but a single homogeneous component with a sedimentation constant of 94.7. However, the electrophoretic diagrams indicate the presence of a large number of different hemocyanin molecules with electrophoretic mobilities which range from that of the dissociated and reassociated hemocyanin of Helix nemoralis (e.g. -5 .27), to somewhat less than that of the hemocyanin of Helix pomatia similarly treated (e.g. -3.08). These results indicate conclusively that a number of "mixed" hemocyanin molecules of the original size had been formed and that these contained fractions of both the original hemocyanins. It is known that both hemocyanins are completely dissociated at pH 8.5 into fractions about 1/8 the weight of the original molecules. If these various fractions are equally attracted one by another irrespective of the species from which they came and since upon reassociation molecules of the original weight are reformed it is feasible to calculate the minimum number of possible mixed hemocyanin molecules which could be produced in this system. It is also possible to calculate the probability that each of these various mixed molecules will occur. If it can be assumed that the electrophoretic mobility of a mixed molecule can be calculated as the weighted average of the mobilities of its constituent parts it is possible to calculate the theoretical mobilities of each of the various mixed hemocyanin molecules which could be predicted.
Although the necessary assumptions have to be kept well in mind it has been of some interest to carry out the calculations indicated above. The results are presented in Table I . It will be noted that in this dissociated and reassociated system nine different hemocyanin molecules are possible, as far as percentage composition is concerned. Two are the original pure hemocyanins from Helix pomatia and Helix nemoralis. The remaining seven are mixed hemocyanins which all contain fractions of hemocyanins from both species but in varying quantities. The probability that each of these nine possible hemocyanins will occur, as well as the theoretical electrophoretic mobility of each, is also given. It will be observed that all of the theoretical mobilities fall within the range covered by the electrophoretic diagrams obtained with a solution of mixed hemocyanins from Helix pomatia and Helix nemoralis, which had been dissociated at pH 8.5 and subsequently reassociated.
In Fig. 11 the actual and the theoretical electrophoretic diagrams for this system have been superimposed. Curve I is the actual scale line displacement, Z, produced by the moving boundary of a solution of mixed hemocyanins dissociated at pYi 8.5 and reassociated at Curve II. The theoretical curve resulting from plotting the probability, P, of the occurrence of the nine theoretically possible hemocyanin association products in the above system against their theoretical electrophoretic mobilities. hemocyanins in the above system are plotted against their theoretical electrophoretic mobilities. It will be observed that these two curves are not greatly dissimilar in the region of the faster components (e.g. u × 10 5 = -5.2 to -4.0). The apparent discrepancy between the two curves in the region of the slower components (e.g. u X 10 5 ---4.0 to -2.5) may be explained partly by the constant asymmetry of opposing halves of electrophoretic boundaries which has been described in detail in another paper (4) . From these considerations it seems possible that in the system just described there were at least nine different hemocyanin components of which seven were mixed hemocyanins. Possibly there may have been many more than those indicated in Table I but it seems unlikely there were fewer.
The dissociation at pH 3.8 and reassociation at pH 6.8 of mixed hemocyanins from Helix pomatia and Helix nemoralis resulted in the reformation of the original molecules and probably also in the formation of a small amount of an additional mixed hemocyanin component which has been designated as X. At pH 3.8 both Helix pomatia and Helix nemoralis hemocyanins are partly dissociated into fractions 1/2 the weight of the native molecules (1). In the case of both proteins the dissociation affects approximately 40 per cent of the molecules (7) . If the assumptions which were made above are appliedtothis system it will be apparent that but one mixed component was to be expected. This component would contain equal amounts of the 1/2 fractions of the two dissociated hemocyanins. The fact that such a molecule would be definitely unsymmetrical in that it would be composed of chemically dissimilar halves might be a possible explanation for the fact that so small an amount of a new component was found in the electrophoretic diagrams. In Table II are shown the possible hemocyanin association products which could occur in this system. The actual and calculated mobilities as well as the determined and calculated quantities of each component are also given.
It seems possible therefore that the small quantity of a new component which was identified electrophoretically in this system repre-sents a mixed hemocyanin composed of 1/2 fractions from Helix pomatia and 1/2 fractions from Helix nemoralis.
The dissociation at pH 8.5 and reassociation at pH 6.8 of mixed hemocyanins from Helix pornatia and Littorina littorea does not produce reformation of the original hemocyanins. Instead four distinct components are formed, which have been designated H.P., XI, X~, and X8 in the order of their electrophoretic mobilities. At pH 8.5 the hemocyanin from Helix pomatia is entirely dissociated into fractions 1/8 the weight of the original molecules, while that from Littorina littorea is partly dissociated into fractions of 1/2 and 1/8 the weight of the native molecules. Biologically Helix pomatia and Littorina littorea are but distantly related and on this basis alone it seemed likely that difficulties would be encountered in the formation of mixed association products in solutions containing dissociated fractions of both hemocyanins. This difficulty has actually arisen for although three new components did appear in the electrophoretic diagrams it was found on ultracentrifugal analysis that the solution contained a number of components of different molecular weights. Furthermore the ultracentrifugal diagrams showed evidence of considerable inhomogeneity in these components. The various sedimentation constants ranged from about 90 to about 16. This indicates that the usually complete reassociation which was to be expected with the single hemocyanins in this system had in some manner been blocked. Since there has not been sufficient material available to permit of the electrophoretic isolation of each of the four components it has not been possible to determine their individual sedimentation constants. For this reason it is not feasible to attempt a calculation of the constituent parts of the possible mixed hemocyanins which may have been produced. The electrophoretic mobilities of the four components have been accurately determined and these are given in Table III. The component designated H.P. is in all probability pure Helix pomatia hemocyanin since its mobility (-2.97) is practically identical with that of this hemocyanin when dissociated and reassociated under otherwise identical conditions (-3.08). The fractions X1, X~, and X8 which have mobilities of -3.56, -4.87, and -5.85 × 10 -s cm3, volt -~, sec. -~ are probably products formed by the association of fractions from both the dissociated hemocyanins in the system. No component which would correspond in mobility to either the major or minor component of Littorina littorea hemocyanin has been found in any of the diagrams. On the basis that dissociation and reassociation may cause a 10 per cent reduction in the mobility of this hemocyanin it has been calculated that in this system the major and minor components should have mobilities of -6.68 and -6.35 X 10 -~ cm. 2, volt -1, sec. -1 respectively.
It should be stated that in none of the experiments with solutions of mixed hemocyanins which had been dissociated and reassociated was there any evidence that the various components were in a state of equilibrium. In every instance the mobilities of the ascending and descending boundaries of each component were similar. The concentration of the various components did not vary systematically with their position in respect to each other or with increasing migration distance. It appears therefore that the various mixed hemocyanins which have been produced are probably as stable as the hemocyanins from which they were formed. The phenomena studied in the present paper may be of considerable general interest for the understanding of the principles according to which the huge protein molecules of the hemocyanin class are built up. It is possible also that the environmental adaptations of certain viruses and the carrier-shift of some enzymes are related phenomena. Further work with other mixed protein systems is needed, however, espe-dally to find out more about the importance of biological relationship for the phenomenon of crossing.
It does not seem unlikely that the dissociation of hemocyanins and similar proteins into simple sub-multiples would indicate an ordered crystal-like structure of the individual particle or molecule. The cross-reactions studied here would then have their analogy in the formation of mixed crystals between substances of similar chemical structure.
SUMMARY
By means of the improved electrophoretic technique it has been possible to study the association products which are formed when mixed and dissociated hemocyanins from two different species are reassociated. Both the dissociation and the reassociation of the hemocyanins have been produced simply by altering the pH of the solutions. Scale method electrophoretic diagrams have been used throughout this investigation. This method has adequately demonstrated its advantages and has permitted exact calculations of the mobility, concentration, and homogeneity of components which were either present in too small an amount or were too nearly similar electrochemically to have been defined by other methods.
Evidence has been presented which indicates that a number of mixed hemocyanins have been produced. These mixed hemocyanin molecules contain fractions of the dissociated hemocyanins from two different species.
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